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Scalable quantum computation with linear optics was considered to be impossible
due to the lack of efﬁcient two-qubit logic gates, despite the ease of implementation of one-qubit gates. Two-qubit gates necessarily need a non-linear interaction
between the two photons, and the efﬁciency of this non-linear interaction is typically very small in bulk materials. However, it has recently been shown that this
barrier can be circumvented with effective non-linearities produced by projective
measurements, and with this work linear-optical quantum computing becomes a
new avenue towards scalable quantum computation. We review several issues concerning the principles and requirements of this scheme.
KEY WORDS: Linear optics, Logic gates, Single photon, Quantum memory,
Quantum repeater.
PACS: 03.67.Lx, 03.67.Pp, 42.50.Dv, 42.65.Lm.

1. PRINCIPLES
There are three key principles in the Knill, Laﬂamme, and Milburn
(KLM) proposal(1) for efﬁcient and scalable linear-optical quantum information processing (QIP):
(1) Conditional non-linear gates for two photon states.
(2) Teleportation to achieve high efﬁciency.
(3) Error correction to achieve scalability.
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Fig. 1.

Fig. 2.

The conditional non-linear sign (NS) gate.

Controlled-σz gate with dual-rail logic and two NS gates.

Conditional non-linear gates are based on the non-unitary state change
due to measurement. The gate works with some probability, but correct
functioning is heralded by the measurement result. We seek to implement
a non-linear transformation, the so-called non-linear sign (NS) gate, on an
arbitrary two-photon state of a single mode ﬁeld:
|ψ = α0 |01 + α1 |11 + α2 |21 → |ψ   = α0 |01 + α1 |11 − α2 |21 .

(1)

This is done using the linear-optical network shown in Fig. 1. The signal state is ﬁrst combined with two ancilla modes, one in a single-photon
state and one in the vacuum. At the end of the optical processing photon counting is done on the ancilla modes. If the number of photons is
unchanged from the input, the desired transformed state exits the signal
mode port. This will happen with a probability of 0.25.
In order to use this result to implement QIP we code the logical
states as physical qubits using one photon in one of two modes: |0L =
|11 ⊗ |02 , |1L = |01 ⊗ |12 . Single-qubit gates are then implemented by
a beam splitter. A two qubit gate, the conditional sign-ﬂip gate, can then
be implemented using the Hong-Ou-Mandel (HOM) interference effect to
ﬁrst convert two single modes, each with one photon, into an appropriate entangled two-photon state (Fig. 2). Such a gate uses two NS gates
and thus succeeds with probability of 0.125. A general formalism for calculating the effective photon non-linearities generated by such conditional
measurement schemes in linear optics can be found in Ref. 2

Towards Scalable Linear-Optical Quantum Computers

207

We have also shown that probabilistic quantum logic operations can
be performed using polarization-encoded qubits,(3) as illustrated by the
controlled-NOT gate shown in Fig. 3. This device consists of two polarizing beam splitters and two polarization-sensitive detectors, along with a
pair of entangled ancilla photons.
The correct controlled-NOT logic operation will have been performed
whenever one and only one photon is detected in each of the two detectors, which occurs with a probability of 0.25. Feed-forward control(4) must
also be applied, depending on what polarization states were measured.
From an experimental perspective, this approach has the advantage of
being relatively simple and insensitive to phase drifts.
A sequence of such probabilistic gates is of course not scalable. However, the Gottesman and Chuang protocol for implementing gates via
teleportation(5) can be used to ﬁx this. Implementation of the gate then
reduces to preparing the appropriate entangled-state resource. That can be
done off-line by using conditional gates, and only when success is achieved
is the teleportation gate completed. Using a resource with n photons in
2n modes decreases the gate failure probability as n−1 or even as n−2 .(6)
Gates can thus be implemented efﬁciently. The controlled-σz (CZ) gate is
now achieved with success probability n2 /(n + 1)2 , denoted as CZn2 /(n + 1)2 .

Fig. 3.
qubits.

Implementation of a probabilistic controlled-NOT gate using polarization-encoded
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When a teleportation gate fails it does so by making a measurement of an incoming qubit. This is always heralded and can be ﬁxed
using detected-measurement codes. This enables the scheme to be scalable (i.e. fault-tolerant) provided the intrinsic error probability is <0.5,(1)
but at the expense of very complicated, multi-mode, entangled, resource
states for teleportation. The other major source of error is photon loss. In
principle, this can also be corrected using teleportation gates. Scalability
requires that loss probability per gate be <0.01.(7) Not detecting a photon
is equivalent to loss. While there are proposals for single-photon detectors
that have quantum efﬁciency higher than 99%, using cycling transitions in
atomic vapors,(8,9) currently the best known value is around 93%.(10)
Three experiments have implemented conditional two-qubit gates:
Pittman et al.;(11) O’Brien et al.;(12) and Sanaka et al.(13) The ﬁrst
experiment is based on the Pittman and Franson’s polarization-encoded
scheme.(11) The second is based on a simpliﬁcation of the KLM-NS gate
that requires only two photons.(12) The last is a full four photon version
of KLM.(13) However, all experiments so far only work in the coincidence
basis. This means that successful implementations correspond to two- or
four-fold coincidence counts. However, no light leaves the device as all
photons are detected.
Experimental results obtained from a CNOT gate in Ref. 11 are
shown in Fig. 4. Here, a single ancilla photon was used, which restricts the
operation of the device to the case in which a single photon is detected in
each output port (the so-called coincidence basis). This was a three-photon experiment in which two of the single photons were obtained using
parametric down-conversion while the third photon was obtained by attenuating the pump laser beam. Optical ﬁbres were used instead of free-space
components in order to reduce errors due to mode mismatch. The ﬁdelity
of the output qubits was limited in this case by the degree of indistinguishability of the three photons. Experimental demonstrations of several other
simple quantum logic gates have also been performed, including a quantum parity check(14) and a quantum encoder.(15)
2. REQUIREMENTS
There are four major technical requirements that must be met:
(1)
(2)
(3)
(4)

Single photon sources
Number-discriminating photon detectors
Feed-forward control and quantum memory
Design and implementation of the very complex quantum circuit
architectures.
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Implementation of a probabilistic CNOT gate using polarization-encoded qubits.(11)

The required ideal single-photon sources are transform-limited pulses with
one and only one photon per pulse. In practice, this means that one
must be able to exhibit HOM interference between photons from different pulses. The required single-photon detectors must be able to detect a
single photon with efﬁciency >0.99 and discriminate between 0, 1, and
2 photon counts.(16) Although two-photon interference visibilities >99%
have been achieved,(11) it may be necessary to achieve even higher visibilities for quantum computing applications.
One approach to implementing such a single-photon source is illustrated in Fig. 5. A pulsed laser beam generates pairs of photons in a
parametric down-conversion crystal. Detection of one member of a pair
signals the presence of the other member of the pair, which is then
switched into an optical storage loop. The single photon can then be
switched out of the storage loop when needed.(18) Although this kind of
approach cannot produce photons at arbitrary times, it can produce them
at periodic time intervals that could be synchronized with the cycle time of
a quantum computer. A prototype experiment of this kind demonstrated
the ability to store and retrieve single photons in this way, but its performance at the time was limited by losses in the optical switch.
The ability to switch a single photon into an optical storage loop and
then retrieve it when needed can also be used to implement a quantum
memory for single photons. This application is more demanding than the
single-photon source described above, since the polarization state of the
photons must be maintained in order to preserve the value of the qubits.
A prototype experiment of this kind has also been performed, where the
primary limitation was once again the losses in the optical switch.(19)
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Fig. 5. Single-photon source using parametric down-conversion and an optical storage
loop. Similar storage techniques can also be used to implement a quantum memory device
for single photons.

qubit

Fig. 6.

Error
Correction

release

A cyclic quantum memory based on quantum error correction.

Furthermore, the ability to perform quantum logic operations using
linear elements raises the possibility of using quantum error correction
techniques to extend the coherent storage time of the quantum memory
described above, see Fig. 6. The primary source of error is expected to
be photon loss, which can be corrected using a simple four-qubit encoding scheme(20) as illustrated in Fig. 7. Provided that the errors in the logic
gates and storage loops are sufﬁciently small, techniques of this kind can
be used to store photonic qubits for an indeﬁnitely long period of time.
An essential component in this kind of quantum memory is the
single-photon quantum non-demolition (QND) measurement device.(21)
Again, a simple way to perform a single-photon QND measurement is
provided by quantum teleportation techniques. If the input state is in a
arbitrary superposition of zero and one photon, with a ﬁxed polarization,
the detector coincidence in a Bell-state measurement signals the present of
a single photon in the input and output states.(22)
Similar techniques can also be used to compensate for the photon loss
in optical ﬁbre transmission lines, which would allow the development of
a quantum repeater. A quantum repeater is a device for achieving remote,
shared entanglement by using quantum puriﬁcation and swapping protocols.(23) A simple protocol for optical quantum repeaters based on linear
optical elements and an entangled-photon source has been developed.(24)
On the other hand, utilizing quantum error correction, one can relay an
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Fig. 7. Quantum error-correction code that recovers photon loss using two ancilla photons.
The QND box represents a single-photon quantum non-demolition measurement device. The
inset shows the two-to-four qubit encoding.

unknown quantum state with high ﬁdelity down a quantum channel. This
relay device we call a quantum transponder, and it has direct applications
to quantum repeater and memory applications.
The fact that the LOQC architecture employs a non-deterministic
protocol implies that large number of ancilla photons are required to
make the scheme nearly deterministic. The implementation of quantum
circuits then becomes more demanding with these increased number of
resources. For example, implementing the error-correction circuit in Fig. 7
at >80% success probability requires more than 300 ancilla photons for
each two-qubit gate and the same number of single-photon detections at
the extremely high quantum efﬁciency.(20) Using a concatenation scheme
to manage a single two-qubit gate with 95% success probability requires
about 300 successful CZ9/16 gate operations.(1) Therefore, development of
techniques for efﬁcient simpliﬁcation of quantum circuits is an important
task, as is the ability to fabricate these circuits on an opto-electonic chip.
On the other hand, QIP schemes implemented in unconventional
ways, such as cluster state quantum computing,(25) may be utilized to
reduce the number of resources. It has recently been shown that the
required number of optical elements and resources can be reduced by an
order of magnitude from the original KLM scheme by using multi photon-linked states,(26) and even more reduction has been found by using
the cluster-state approach.(27) Furthermore, it may be possible to avoid the
need for large number of nested interferometers and entangled ancillæ by
using hybrid approaches that combine linear optics techniques with some
amount of non-linearity.(28)
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3. CONCLUSION
Quantum mechanics enables some exponentially more efﬁcient algorithms than those that can be implemented on a classical computer. This
discovery has led to the explosive growth of the ﬁeld of quantum computation. Many physical systems have been suggested for building a quantum computer, but the ﬁnal architecture is still to be determined. These
systems include ion traps, non-linear optical systems, quantum dots, and
superconducting circuits, among others.(29) In linear optical quantum computing the desired non-linearities come from projective measurements. Projective measurements over some part of the quantum system simply project
the rest of the system into a desired quantum state. Additional photons,
known as ancillæ, are mixed with the inputs to the logic devices using
beam splitters, while single-photon detectors are used to make measurements on the ancilla photons after the interaction. The non-linear nature
of single-photon detection and the quantum measurement process then
project out the desired logical output. Therefore, although logic operations
are inherently non-linear, our approach uses only simple linear optical elements, such as beam splitters and phase shifters. Building a quantum computer will be a major challenge for a future quantum technology; requiring the ability to manipulate quantum-entangled states of large number of
sub components. Systematic development of each component of preparation, control, and measurement will facilitate the task of building a quantum computer.
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